Deep sequencing of foot-and-mouth disease virus reveals RNA sequences involved in genome packaging by Logan, Grace et al.
1 
 
Deep sequencing of foot-and-mouth disease virus reveals RNA sequences 1 
involved in genome packaging  2 
 3 
Grace Logan1,2, Joseph Newman1, Caroline F. Wright1, Lidia Lasecka-Dykes1, Daniel T. 4 
Haydon2, Eleanor M. Cottam1* & Tobias J. Tuthill1# 5 
 6 
1The Pirbright Institute, Pirbright, Surrey, UK. 7 
2Institute of Biodiversity, Animal Health and Comparative Medicine, College of Medical, 8 
Veterinary and Life Sciences, University of Glasgow, Glasgow, UK. 9 
 10 
 11 
Running Title: Foot-and-mouth disease virus RNA packaging  12 
 13 
#Address correspondence to Tobias J. Tuthill, toby.tuthill@pirbright.ac.uk 14 
 15 
*Present address: General Bioinformatics, Reading Enterprise Centre, Reading, UK.  16 
 17 
Word counts 18 
Abstract: 217 words 19 
Importance: 123 words 20 
Text: 3152 21 
  22 
JVI Accepted Manuscript Posted Online 18 October 2017
J. Virol. doi:10.1128/JVI.01159-17
Copyright © 2017 Logan et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International license.
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
2 
 
Abstract 23 
 24 
Non-enveloped viruses protect their genomes by packaging them into an outer shell or 25 
capsid of virus-encoded proteins. Packaging and capsid assembly in RNA viruses can 26 
involve interactions between capsid proteins and secondary structures in the viral 27 
genome as exemplified by the RNA bacteriophage MS2 and as proposed for other RNA 28 
viruses of plants, animals and human. In the picornavirus family of non-enveloped RNA 29 
viruses, the requirements for genome packaging remain poorly understood. Here we 30 
show a novel and simple approach to identify predicted RNA secondary structures 31 
involved in genome packaging in the picornavirus foot-and-mouth disease virus 32 
(FMDV). By interrogating deep sequencing data generated from both packaged and 33 
unpackaged populations of RNA we have determined multiple regions of the genome 34 
with constrained variation in the packaged population. Predicted secondary structures of 35 
these regions revealed stem loops with conservation of structure and a common motif at 36 
the loop. Disruption of these features resulted in attenuation of virus growth in cell 37 
culture due to a reduction in assembly of mature virions. This study provides evidence 38 
for the involvement of predicted RNA structures in picornavirus packaging and offers a 39 
readily transferable methodology for identifying packaging requirements in many other 40 
viruses. 41 
 42 
 43 
 44 
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Importance 46 
 47 
In order to transmit their genetic material to a new host, non-enveloped viruses must 48 
protect their genomes by packaging them into an outer shell or capsid of virus-encoded 49 
proteins. For many non-enveloped RNA viruses the requirements for this critical part of 50 
the viral life cycle remain poorly understood.  We have identified RNA sequences 51 
involved in genome packaging of the picornavirus foot-and-mouth disease virus. This 52 
virus causes an economically devastating disease of livestock affecting both the 53 
developed and developing world. The experimental methods developed to carry out this 54 
work are novel, simple and transferable to the study of packaging signals in other RNA 55 
viruses. Improved understanding of RNA packaging may lead to novel vaccine 56 
approaches or targets for antiviral drugs with broad spectrum activity. 57 
 58 
 59 
 60 
 61 
 62 
 63 
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Introduction 69 
 70 
The Picornaviridae is a large virus family containing over 30 genera and includes 71 
viruses of medical and veterinary significance such as poliovirus, human rhinovirus and 72 
foot-and-mouth disease virus (FMDV). Picornaviruses comprise a genome of single-73 
stranded positive sense RNA usually of between approximately 7200-8500 nucleotides, 74 
within a non-enveloped capsid approximately 30 nm in diameter.  75 
 76 
Virus assembly involves the multimerisation of five copies of a capsid precursor to form 77 
a pentameric capsid subunit, followed by assembly of twelve of these ‘pentamers’ into 78 
intact capsids. During this process, a molecule of correctly folded genomic RNA must 79 
be encapsidated or packaged into the assembling capsid. Only newly replicated 80 
poliovirus RNA is packaged (1) suggesting a link between RNA replication and capsid 81 
assembly. For many picornaviruses, a proportion of capsids in the infected cell 82 
assemble without encapsidating the viral genome and such empty capsids can also be 83 
readily assembled in recombinant expression systems. The exclusion of non-viral RNA 84 
from such particles suggests that packaging is specific for viral RNA but the interactions 85 
driving packaging and conferring specificity remain poorly understood. In other non-86 
enveloped RNA viruses, packaging is known to involve interactions between capsid 87 
proteins and secondary structures in the viral genome (packaging signals) as 88 
exemplified by the bacteriophage MS2 (2) and plant viruses (3, 4). A packaging signal 89 
comprising an RNA stem loop has been previously identified for one virus in the 90 
picornavirus family, Aichi virus (5, 6). In contrast, no such RNA packaging signal has 91 
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been yet reported for the most well-studied virus in the family, poliovirus, and interaction 92 
between genome and capsid required for packaging has instead been shown to be 93 
mediated via an additional viral protein, non-structural protein 2C (7-9). Recently 94 
however, contacts between capsid and RNA have been visualised in the virion 95 
structures of picornaviruses in the parechovirus genus (10-12) and multiple structured 96 
RNA motifs which interact with the capsid of human parechovirus have been confirmed 97 
as packaging signals required for virus assembly (13).  98 
 99 
Picornavirus genomes are replicated by a virally encoded RNA-dependent RNA-100 
polymerase which lacks proof-reading function. Replication therefore introduces errors, 101 
resulting in viral genomes existing as a population or swarm of closely related RNA 102 
molecules (14). In addition, packaging of picornavirus genomes is generally accepted to 103 
be incomplete, such that only a proportion of genomes in an infected cell are packaged 104 
into viral capsids. We therefore hypothesised that within the total population of viral 105 
genomes in the cell, some genomes would contain substitutions that were detrimental to 106 
packaging. These genomes would be packaged less efficiently and would be under-107 
represented so that sequence diversity would be constrained at these positions in the 108 
packaged population of genomes.  109 
 110 
 111 
 112 
  113 
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Results and Discussion  114 
 115 
FMDV (type O1K) infected cell cultures were lysed to generate a sample containing 116 
both packaged and unpackaged genomes and this was designated the ‘total’ population 117 
of viral genomes. Virus particles were also purified from a portion of this sample by 118 
ultracentrifugation through sucrose gradients, to generate a sample containing only 119 
packaged genomes, designated the ‘packaged’ population. The populations of genomes 120 
in these samples were analysed by deep sequencing. For both total and packaged 121 
populations, the variability at each nucleotide position in the genome was calculated 122 
using Shannon’s entropy (15). For each position in the genome, the entropy value for 123 
the packaged population was subtracted from the entropy value for the total population. 124 
Therefore, positive values in this analysis represent positions in the genome where 125 
variation is constrained in the packaged population relative to the total population. This 126 
highlighted several clusters of such nucleotides spread along the length of the genome 127 
(Figure 1a). In recognition of the hypothesis that these sequences were involved in 128 
packaging, the 10 most prominent of these clusters of constraint were designated as 129 
putative packaging signals (PPS1-10).  130 
 131 
Consensus sequences spanning each of these PPS were analysed for predicted 132 
secondary structure using Mfold (16,17). This revealed that each of these 10 regions 133 
contained predicted stem loop structures featuring base pairing to form a stem of 134 
between 11 and 28 nucleotides.  This presented an unpaired loop of between 4 and 9 135 
nucleotides containing, on average, 74% adenine or cytosine. The secondary structure 136 
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of these regions, as predicted by Mfold, is outlined in Table 1. Three sequences 137 
containing such secondary structures and referred to as PPS2, PPS3 and PPS4 were 138 
targeted for further analysis. These sites were used because PPS2 showed a very clear 139 
signal in the entropy analysis and because the sequence containing the three sites was 140 
conveniently flanked by restriction enzyme sites which would facilitate the insertion of 141 
modified sequences into full-genome cDNA plasmids. 142 
 143 
In order to highlight positions within these sequences with the highest constraint in the 144 
packaged population, individual nucleotides were colour-coded according to the values 145 
for constraint in sequence entropy as described above (Fig 1b). This showed that for 146 
PPS2 and PPS4 the maximum constraint in sequence entropy coincided with the 147 
unpaired sequence at the top of the predicted stem loops (Fig 1c). The sequences 148 
spanning these predicted structures were compared with the equivalent sequences in 149 
59 diverse type O virus isolates, using LocaRNA (18-20) to identify conservation of 150 
predicted RNA structures. This showed that despite variation in primary sequence 151 
between isolates, there was conservation of the base pairing required to maintain the 152 
stem-loop structures (Fig 1d). The loop sequences predicted to be at the ends of these 153 
stem-loops were also highly conserved between isolates compared. The loop of PPS 2 154 
contains 6nt (AAUCCA). The first, third, fourth and sixth nucleotide are 100% conserved 155 
between the 59 isolates compared in the LocaRNA analysis. Nucleotide 2 is 97% 156 
conserved (2/59 genomes have a G instead of an A) whilst nucleotide 5 is 98% 157 
conserved (1/59 isolates has a U instead of a C). The loop of PPS 3 contains 3nt 158 
(CCC). The latter two nt are 100% conserved in the 59 isolates compared. The first 159 
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position is 91% conserved with 5/59 isolates showing a U in place of a C at this position. 160 
PPS 4 has a loop containing 8nt (UGA GAA CU). Nucleotides 2, 3, 5 and 8 are 100% 161 
conserved. Nucleotide 1 and 7 are 93 % conserved (with 4/59 isolates having a C 162 
instead of a U and a U instead of a C respectively). Nucleotide 4 is 88% conserved with 163 
7 isolates having an A at this position instead of a G and nucleotide 6 is 98% conserved 164 
with 1 isolate with a G instead of an A at this position. This suggested that the predicted 165 
secondary structures tentatively identified by deep sequencing of samples derived from 166 
a single virus isolate were maintained in all viruses within this serotype.  167 
 168 
Silent mutagenesis of PPS2, PPS3 and PPS4 was designed to disrupt or destabilise the 169 
secondary structures predicted by Mfold in these regions without altering the encoded 170 
amino acid sequence (Fig 2). A single fragment of synthetic DNA containing the 171 
mutated sequences was introduced into an infectious cDNA plasmid and mutant and 172 
wild type viruses were recovered by transfecting BHK21 cells with in vitro transcribed 173 
RNA. Recovered viruses were passaged twice on the same cell line and harvested at 174 
appearance of complete CPE to generate virus stocks for the following analysis. 175 
 176 
In order to quantitate the rate of spread in a monolayer of mutant and wild type viruses 177 
in culture, a cell-killing assay was developed using an imaging plate-reader. Using this 178 
assay, experiments initiated at equal MOI showed that the rate of spread through the 179 
culture of the mutant virus was slower than wild type (Fig 3a). In these experiments, 180 
detection of non-structural protein 3A by immunofluorescence was used to confirm that 181 
mutant and wild-type viruses infected the same number of cells in the first round of 182 
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infection. Quantitation of the immunofluorescence signals showed that both viruses also 183 
produced comparable levels of viral proteins in cells in the first round of infection (Fig 184 
3b). Similarly, reverse transcription quantitative polymerase chain reactions (RT-qPCR) 185 
was used to show that both viruses produced equivalent levels of viral RNA during the 186 
first round of infection (Fig 3c). Despite this, the titre of infectious virus produced by the 187 
mutant in a single round of infection (5 hrs post infection) was approximately 1 log less 188 
than wild-type (Fig 3d). These findings suggested that viral RNA replication and 189 
production of viral proteins by the mutant virus was not impaired within cells. However, 190 
the reduced viral titre and slow spread through the culture suggested a partial defect in 191 
the assembly of infectious particles by the mutated virus. It was noticed that the plaques 192 
generated by the mutant virus were marginally less clear in appearance relative to 193 
wildtype but were not significantly different in size, suggesting that the reduced 194 
production of infectious particles by the mutant virus was not sufficient to significantly 195 
slow the cell to cell spread required for plaque formation.   196 
 197 
The assembly of virus particles by the mutant and wild type viruses was therefore 198 
compared.  Cell cultures were infected with mutant and wild type viruses, allowed to 199 
reach complete CPE and lysates prepared by freeze-thawing. The total amount of 200 
capsid material in the cell lysates was detected by SDS-PAGE and western blot using 201 
an anti-capsid polyclonal sera. The signal for capsid material was comparable for both 202 
viruses (Fig 4a), showing that the amount of total capsid material in the lysates was 203 
similar. This was in agreement with the immunofluorescence data described above. In 204 
order to differentiate virus, empty capsids and unassembled capsid precursors, the 205 
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lysates were subjected to ultracentrifugation through sucrose density gradients that 206 
would separate these different forms of the capsid according to their rate of 207 
sedimentation. Gradients were fractionated, capsid material detected by western blot as 208 
described above and western blot signals quantitated by densitometry to allow gradient 209 
profiles to be displayed as line graphs. In the wild type lysate a predominant peak in the 210 
expected position for virus particles was observed (Fig 4b). In the mutant virus lysate 211 
this peak was clearly reduced in size (Fig 4b) suggesting that the mutant virus was 212 
forming fewer mature virus particles than the wild type. This was consistent with the 213 
mutant virus producing a lower infectious titre and was likely due to the introduced 214 
mutations causing a partial defect in packaging of genomic RNA into the capsid. We 215 
had anticipated that if fewer mature virus particles were formed, a corresponding 216 
increase in the signal for empties or precursors might be observed but this was not the 217 
case. This could be explained by the accumulation of unassembled precursors 218 
becoming insoluble such that they would no longer be represented in the sedimentation 219 
analysis of soluble proteins.  220 
 221 
Recent structural studies of picornaviruses in the parechovirus genus have identified 222 
contacts between the viral genome and the inside surface of the capsid (10-13)). We 223 
propose that the predicted secondary structures identified in the current study are the 224 
equivalent positions where the FMDV RNA may interact with capsid precursors in order 225 
for the genome to be correctly folded and packaged into the assembling capsid. Studies 226 
with poliovirus have shown that RNA packaging requires an interaction between the 227 
capsid and viral non-structural protein 2C (7,8). This has not been investigated in the 228 
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current study and the data presented here do not exclude a similar involvement of 2C in 229 
FMDV packaging.  230 
 231 
The number of PPS (10) that were initially highlighted in this study was close to 12, 232 
suggesting a potential mechanism for packaging where 12 sites on the genome each 233 
interact with one of the 12 pentamers which assemble together to form the intact capsid. 234 
However, only 3 of these sites were analysed in more detail as described. Therefore, 235 
this study provides evidence for the likely involvement of interactions between capsid 236 
and genome in the packaging of FMDV but is not able to specify the exact number of 237 
sites in the genome that might be involved. The parechovirus structures described 238 
above (10-12) and the recent identification of parechovirus packaging signals (13) 239 
suggest that interactions between the genome and capsid likely occur at 60 positions 240 
(equivalent to one interaction per capsid monomer) not at just 12 positions (one on each 241 
of the 12 pentamers).  242 
 243 
In summary, this study has used deep sequencing to identify predicted secondary 244 
structures or putative packaging signals in the genome of FMDV which are required for 245 
efficient assembly of infectious, RNA containing virus particles. This approach offers a 246 
readily transferable methodology for investigating packaging requirements in many 247 
other viruses.  248 
 249 
 250 
 251 
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Materials and Methods 252 
 253 
Cells, viruses and antibodies.  The baby hamster kidney cell line (BHK21, Pirbright 254 
Central Services Unit) was cultivated in Glasgow’s modified Eagle’s medium 255 
supplemented with 10% foetal calf serum, 5% tryptose phosphate broth, 20 mM 256 
glutamine, penicillin (100 SI units/mL) and streptomycin (100 µg/mL).  FMDV strain O1 257 
Kaufbeuren was derived from an infectious copy plasmid pT7S3 (21). Monocolonal 258 
antibody 2C2 which recognises FMDV 3A was a previous gift from E. Brocchi (IZSLER, 259 
Brescia, Italy) to T. Jackson (Pirbright).  260 
 261 
Virus purification. BHK-21 cells were infected with FMDV, freeze-thawed at the point 262 
of complete CPE and the resulting lysate clarified by low speed centrifugation. The 263 
supernatant was precipitated with saturated ammonium sulphate, pelleted at 4,800 x g 264 
at 4°C for 1 hour and resuspended in PBS (pH 7.4) containing 1% IGEPAL CA-630. 265 
Virus was pelleted through a 30% sucrose cushion at 100,000 x g for 2.5 hrs, 266 
resuspended as before and purified by sedimentation through a 15-45% sucrose 267 
gradient by centrifugation at 100,000 x g for 2.5 hrs. Purified virus was located by 268 
measuring the 260 nm absorbance of gradient fractions.  269 
 270 
Next generation sequencing.  RNA was extracted from samples of clarified infected 271 
cell lysate or purified virus using TRIzol and prepared for next generation sequencing as 272 
described previously (22). Briefly, reverse transcription used both random hexamers 273 
and FMDV specific primers. Subsequent DNAse treatment and clean-up was followed 274 
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by second strand synthesis before library preparation using Nextera XT reagents 275 
(Illumina) and sequencing on the MiSeq v2 (Illumina). Although originally described as a 276 
consensus level sequencing methodology, depth of coverage was such that deep 277 
sequencing analysis could also be carried out. Bioinformatics analysis of the data was 278 
completed using the pipeline previously described (22). The windowed adaptive quality 279 
trimming tool sickle was used to trim reads using Q30 as a cut off.  A de novo reference 280 
sequence was created with Velvet (using velvet optimiser) and reads were 281 
subsequently aligned to this reference using Bowtie2. Shannon’s entropy was 282 
calculated using R.   283 
 284 
Mutagenesis and virus recovery. For each of PPS2, PPS3 and PPS4, a sequence 285 
was designed which disrupted the predicted secondary structure in that region without 286 
altering amino acid coding (Table 2, Fig 2). A single fragment of synthetic DNA 287 
spanning the region containing all three modified sequences was synthesised (GeneArt 288 
ThermoFisher Scientific) and transferred into a full length DNA copy of the FMDV 289 
genome in the plasmid pT7S3, using standard molecular biology approaches and the 290 
restriction sites XmaI and AflII. The sequence of the modified plasmid was confirmed by 291 
conventional sequencing. The modified plasmid (pT7S3_Mutant) and parental wild type 292 
plasmid (pT7S3_WT) were used as templates to generate T7 RNA transcripts and 293 
mutant and WT viruses recovered by transfection of RNA into BHK-21 cells. Recovered 294 
viruses were passaged twice in BHK-21 cells to produce working stocks for subsequent 295 
experiments.    296 
 297 
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Cell killing assay. Subconfluent BHK-21 cells in 96-well plates were infected with WT 298 
or mutant viruses at low MOI (0.2), resulting in conditions where spread through the 299 
culture and appearance of CPE and cell death occurred over approximately two days. 300 
The MOI for WT and mutant viruses was confirmed as equal by immunofluorescence.  301 
The appearance of CPE was recorded by capturing transmitted light images of each 302 
well every hour post infection for 36 hours, using an imaging platereader (SpectraMax 303 
MiniMax 300, Molecular Devices). The surface area covered by cells was automatically 304 
calculated for every image using image analysis software (SoftMax Pro, Molecular 305 
Devices). As cells died, the surface area covered became less, allowing quantitation of 306 
the rate of virus growth through the culture. Data was visualised using GraphPad prism.  307 
 308 
Immunofluorescence.  Cells were fixed 4 hours post infection with 4% formaldehyde in 309 
PBS, permeabilised with 0.1% Triton X-100, and blocked with 0.5% BSA in PBS. The 310 
fixed monolayers were serially incubated with monoclonal antibody 2C2 (specific for 311 
FMDV non-structural protein 3A) at 1:1000 in block buffer, Alexa Fluor 488-conjugated 312 
anti-mouse secondary antibody (Invitrogen) at 1:200 dilution in blocking buffer and the 313 
nuclear counterstain TO-PRO-3 (ThermoFisher Scientific). Immunofluorescence images 314 
were captured using an imaging platereader (SpectraMax MiniMax 300, Molecular 315 
Devices). Quantitation of the total number of cells based on TO-PRO-3 fluorescence, 316 
number of infected cells based on Alexa Fluor 488 fluorescence and intensity of signal 317 
for each cell, was automated by image analysis software (SoftMax Pro, Molecular 318 
Devices). Data was visualised using Prism 7 (GraphPad). 319 
 320 
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Immunoblotting to detect FMDV capsid proteins. Standard methods were used for 321 
the separation of samples by 12% SDS-PAGE and transfer of proteins onto 0.45 µm 322 
pore size nitrocellulose membranes (GE Healthcare). Membranes were blocked in 1% 323 
fish skin gelatin (Sigma) in 20mM Tris pH7.6, 150mM NaCl, 0.1% Tween-20, before 324 
being incubated with guinea pig anti-FMDV O1M sera (World reference laboratory 325 
Pirbright) at 1:1000 dilution in blocking buffer overnight at 4°C. Membranes were then 326 
incubated with rabbit anti-guinea pig HRP-conjugated antibodies (Dako) at 1:3000 327 
dilution in blocking buffer for one hour at room temperature. The location of proteins 328 
was revealed using a chemiluminescence substrate (Supersignal West Pico, 329 
ThermoFisher Scientific) and a gel documentation system (G:Box Chemi xx6, 330 
Syngene). Where required, the intensity of the signal for FMDV capsid proteins was 331 
quantitated by densitometry using NIH ImageJ (v1.50). Various exposures were 332 
collected to ensure band intensity was within the linear range of the equipment. Data 333 
showing relative signal intensity were presented using Prism 7 (GraphPad).  334 
 335 
Sucrose density gradients to differentiate virus capsids and unassembled 336 
precursors.  337 
Continuous gradients of 10-30% sucrose in PBS were prepared in 5 mL ultracentrifuge 338 
tubes using a Gradient Master (Biocomp). The top 200 µl was removed and replaced 339 
with 200 µl of sample and gradients centrifuged in an SW55 rotor (Beckman) at 286,794 340 
x g for 44 minutes at 8°C. Gradients were fractionated into 24 equal 240 µl fractions 341 
using a repeating microdispenser (Acura 865, Socorex). FMDV capsid components in 342 
gradient fractions were detected by immunoblotting as described above.     343 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
16 
 
 344 
Acknowledgements. 345 
 346 
We thank Professor R. Andino (UCSF) for encouragement with sequencing 347 
methodologies, Dr J. Kim (Pirbright) for bioinformatics advice and Dr D. King and Dr T. 348 
Jackson (Pirbright) for useful discussions. The Pirbright Institute receives strategic 349 
funding from the Biotechnology and Biological Sciences Research Council (BBSRC). 350 
G.L. was supported by studentship BBS/E/I/00001756, J.N. by BBSRC grant 351 
BB/L004828/1, L.L and C.W. by BBSRC grant BB/K003801/1. The authors declare that 352 
they have no conflict of interest relating to this publication. 353 
Author contributions: T.J.T., E.M.C., J.N. and G.L. devised the project and designed the 354 
experiments. G.L. and J.N. carried out the experimental work. G.L. undertook the 355 
bioinformatic analysis with D.T.H.  L.L. and C.W. carried out virus purifications. G.L., 356 
J.N. and T.J.T prepared the manuscript. All authors contributed to and approved the 357 
final manuscript.   358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
17 
 
References  367 
 368 
1. Nugent, C. I., K. L. Johnson, P. Sarnow, and K. Kirkegaard. 1999. Functional 369 
Coupling between Replication and Packaging of Poliovirus Replicon RNA. Journal of 370 
Virology 73:427-435. 371 
2. Stockley, P. G., O. Rolfsson, G. S. Thompson, G. Basnak, S. Francese, N. J. 372 
Stonehouse, S. W. Homans, and A. E. Ashcroft. 2007. A simple, RNA-mediated 373 
allosteric switch controls the pathway to formation of a T=3 viral capsid. Journal of 374 
Molecular Biology 369:541-552.  375 
3. Hesketh, E. L., Y. Meshcheriakova, K. C. Dent, P. Saxena, R. F. Thompson, J. J. 376 
Cockburn, G. P. Lomonossoff, and N. A. Ranson. 2015. Mechanisms of 377 
assembly and genome packaging in an RNA virus revealed by high-resolution cryo-378 
EM. Nature Communications 6:10113.  379 
4. Li, T. S., Z. G. Chen, J. E. Johnson, and G. J. Thomas, Jr. 1990. Structural 380 
studies of bean pod mottle virus, capsid, and RNA in crystal and solution states by 381 
laser Raman spectroscopy. Biochemistry 29:5018-5026.  382 
5. Sasaki, J., S. Nagashima, and K. Taniguchi. 2003. Aichi Virus Leader Protein Is 383 
Involved in Viral RNA Replication and Encapsidation. Journal of Virology 77:10799-384 
10807.  385 
6. Sasaki, J., and K. Taniguchi. 2003. The 5′-End Sequence of the Genome of Aichi 386 
Virus, a Picornavirus, Contains an Element Critical for Viral RNA Encapsidation. 387 
Journal of Virology 77:3542-3548.  388 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
18 
 
7. Liu, Y., C. Wang, S. Mueller, A. V. Paul, E. Wimmer, and P. Jiang. 2010. Direct 389 
interaction between two viral proteins, the nonstructural protein 2C and the capsid 390 
protein VP3, is required for enterovirus morphogenesis. PLoS Pathogens 391 
6:e1001066.  392 
8. Wang, C., P. Jiang, C. Sand, A. V. Paul, and E. Wimmer. 2012. Alanine Scanning 393 
of Poliovirus 2C(ATPase) Reveals New Genetic Evidence that Capsid 394 
Protein/2C(ATPase) Interactions Are Essential for Morphogenesis. Journal of 395 
Virology 86:9964-9975.  396 
9. Wang, C., H.-C. Ma, E. Wimmer, P. Jiang, and A. V. Paul. 2014. A C-terminal, 397 
cysteine-rich site in poliovirus 2CATPase is required for morphogenesis. Journal of 398 
General Virology.  399 
10. Zhu, L., X. Wang, J. Ren, C. Porta, H. Wenham, J. O. Ekstrom, A. Panjwani, N. 400 
J. Knowles, A. Kotecha, C. A. Siebert, and A. M. Lindberg. 2015. Structure of 401 
Ljungan virus provides insight into genome packaging of this picornavirus Nature 402 
Communications 6:8316.  403 
11. Kalynych, S., L. Palkova, and P. Plevka. 2015. The Structure of Human 404 
Parechovirus 1 Reveals an Association of the RNA Genome with the Capsid. 405 
Journal of Virology 90:1377-1386.  406 
12. Shakeel, S., B. M. Westerhuis, A. Domanska, R. I. Koning, R. Matadeen, A. J. 407 
Koster, A. Q. Bakker, T. Beaumont, K. C. Wolthers, and S. J. Butcher. 2016. 408 
Multiple capsid-stabilizing interactions revealed in a high-resolution structure of an 409 
emerging picornavirus causing neonatal sepsis. Nature Communications 7:11387. 410 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
19 
 
13. Shakeel, S., E. C. Dykeman, S. J. White, A. Ora, J. J. Cockburn, S. J. Butcher, 411 
P. G. Stockley, and R. Twarock. 2017. Genomic RNA folding mediates assembly 412 
of human parechovirus. Nature Communications 8:5. 413 
14. Lauring, A. S., and R. Andino. 2010. Quasispecies Theory and the Behavior of 414 
RNA Viruses. PLoS Pathogens 6:e1001005. 415 
15. Shannon, C. E. 1948. A Mathematical Theory of Communication. The Bell System 416 
Technical Journal 27:379-423.  417 
16. Zuker, M. 2003. Mfold web server for nucleic acid folding and hybridization 418 
prediction. Nucleic Acids Research 31:3406-3415. 419 
17. Zuker, M., and A. B. Jacobson. 1998. Using reliability information to annotate RNA 420 
secondary structures. RNA 4:669-679.  421 
18. Smith, C., S. Heyne, A. S. Richter, S. Will, and R. Backofen. 2010. Freiburg RNA 422 
Tools: a web server integrating INTARNA, EXPARNA and LOCARNA. Nucleic Acids 423 
Research 38:W373-377. 424 
19. Will, S., T. Joshi, I. L. Hofacker, P. F. Stadler, and R. Backofen. 2012. LocARNA-425 
P: accurate boundary prediction and improved detection of structural RNAs. RNA 426 
18:900-914. 427 
20. Will, S., K. Reiche, I. L. Hofacker, P. F. Stadler, and R. Backofen. 2007. Inferring 428 
Noncoding RNA Families and Classes by Means of Genome-Scale Structure-Based 429 
Clustering. PLoS Computational Biology 3:e65. 430 
21. Ellard, F. M., J. Drew, W. E. Blakemore, D. I. Stuart, and A. M. Q. King. 1999. 431 
Evidence for the role of His-142 of protein 1C in the acid-induced disassembly of 432 
foot-and-mouth disease virus capsids. Journal of General Virology 80:1911-1918. 433 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
20 
 
22. Logan, G., G. L. Freimanis, D. J. King, B. Valdazo-Gonzalez, K. Bachanek-434 
Bankowska, N. D. Sanderson, N. J. Knowles, D. P. King, and E. M. Cottam. 435 
2014. A universal protocol to generate consensus level genome sequences for foot-436 
and-mouth disease virus and other positive-sense polyadenylated RNA viruses 437 
using the Illumina MiSeq. BMC Genomics 15:828.  438 
  439 
 o
n
 N
ovem
ber 10, 2017 by SW
ETS SUBSCRIPTIO
N SERVICE
http://jvi.asm.org/
D
ow
nloaded from
 
21 
 
Figure Legends  440 
 441 
Figure 1: Specific regions of the genome are more conserved in the packaged 442 
population and are predicted to form stem loop structures. A) Graph showing a 443 
sliding window analysis to highlight the difference in Shannon’s entropy between the 444 
total RNA population and the packaged RNA population. A window of 19 nt was slid 445 
across the genome and each nucleotide scored according to the change in entropy at 446 
that position. Nucleotides in the top 50 positions (approximately 0.6% of nucleotides) for 447 
the highest change in entropy across the genome scored 12 points, positions 51-100 448 
scored 6 points, positions 101-150 scored 3 points and all other positions with 449 
constrained entropy scored 1 point. The sum of these scores within the 19 nt window is 450 
shown (y axis) against the nucleotide position in the centre of the window (x axis). 451 
Regions with the highest peaks are termed putative packaging signals (PPS)1-10. 452 
Regions that were within 50nt of one another were combined and analysed as one 453 
region of interest. The red box indicates the area containing PPS2, 3 and 4. B) The 454 
nucleotide sequences of PPS2, 3 and 4 are shown. Nucleotides are colour-coded 455 
according to the change in entropy at that position between the packaged and total 456 
populations. Green indicates nucleotides in the top 50 positions (approximately 0.6% of 457 
nucleotides) showing the highest change in entropy score across the entire genome, 458 
orange represents positions 51-100, pink represents 101-150, blue represents the 459 
remainder of positions with constrained entropy, black represents positions with no 460 
constraint. C) RNA secondary structures predicted by Mfold for the nucleotide 461 
sequences in panel B. (D) Conservation of base pairing to maintain predicted secondary 462 
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structures using LocaRNA tool for multiple alignment of 59 diverse isolates of FMDV 463 
type O. (GenBank accession numbers for the FMDV sequences are AY593813, 464 
AY593811, AY593815, AY593817, AY593819, AY593821–AY593837, AY686687, 465 
EF552688–EF552697, EF614457, EU214601, FJ175662–FJ175666, FJ542365–466 
FJ542371, GU384682, GU384683, HM008917, HM229661, HQ009509, HQ412603, 467 
HQ632769–HQ632772, JN998085, JN998086.) The overall consensus sequence and 468 
predicted structure of these sequences is shown. An additional colour scheme is used 469 
to represent the number of different compatible base pairing combinations present at 470 
each position in the predicted stem across all 59 viruses analysed (single combination 471 
of nucleotides = red, 2 different combinations = yellow, 3 = green). The shading intensity 472 
indicates the number of incompatible pairs (No incompatible pairs = intense colour, 1 473 
incompatible pair = 50% shading, 2 incompatible pairs = light shading, >2 incompatible 474 
pairs = no colour). The predominance of intense red and yellow shading indicates high 475 
levels of conservation of base-pairing across the panel of viruses analysed.  476 
 477 
Figure 2: Silent mutagenesis disrupts predicted secondary structures. RNA 478 
structures predicted by Mfold are shown in wildtype (left column) and mutated (right 479 
column) sequences spanning A) PPS2, B) PPS3 and C) PPS4. Nucleotides identified 480 
with a red bracket represent positions at the top of the stem loop structures in the 481 
wildtype sequences and their altered positions in the disrupted structures after 482 
mutagenesis. Nucleotides highlighted in pink represent positions of mutations. Wildtype 483 
and mutated sequences are also shown in Table 2. 484 
 485 
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Figure 3: Mutations in putative packaging signals reduce rate of virus spread and 486 
infectious titre without affecting replication and translation of viral RNA. A) Virus 487 
growth from low MOI infection shown as development of CPE and resultant reduction in 488 
area covered by cells (y axis) against time post-infection (x axis). Wild type virus: red, 489 
mutated virus: green, uninfected cells: blue. The mutated virus (green line) spreads 490 
through the culture more slowly than wild type (red line). Data shown are the mean of 7 491 
replicates ± s.d. and are representative of multiple separate experiments. B) Similar 492 
immunofluorescence signals for non-structural protein 3A in cells 4 hours post infection 493 
with wild type (WT, red bar) and mutant virus (green bar). Data shown are the mean 494 
fluorescence per cell, across seven separate wells (and from at least 500 infected 495 
cells/well) ± s.d. and are representative of multiple separate experiments. C) Similar 496 
levels of viral RNA in cells at time points indicated post infection with wildtype (red) and 497 
mutant (green) virus. Data is shown as cycle threshold (Ct) number from reverse 498 
transcription quantitative polymerase chain reactions (RT-qPCR). Three technical 499 
replicates are shown. Data are representative of multiple separate experiments. D) 500 
Comparison of infectious virus titre as plaque forming units (PFU) at 5 hours post 501 
infection of cells with mutant and wild type (WT) virus. Infections were initiated at equal 502 
MOI. Titre of three technical replicates is shown on a log scale with standard deviation. 503 
P-value=0.039, two sample T-test. Data are representative of multiple separate 504 
experiments.   505 
 506 
Figure 4: Mutations in putative packaging signals reduce the assembly of RNA-507 
containing virions. A) Immunoblots using anti-FMDV sera show equivalent signal for 508 
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total viral capsid material in cells infected with wild type (WT) or mutant virus. B) 509 
Separation of RNA-containing virions, empty capsids and unassembled capsid 510 
precursors by sedimentation of capsid material derived from cells infected with  wild 511 
type (WT, red) or mutant (green) virus. Capsid material in gradient fractions was 512 
detected by immunoblotting and quantitated by densitometry. The expected positions on 513 
gradients of virions, empty capsids and unassembled material is indicated. The data 514 
shown is representative of multiple experiments.  515 
 516 
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Table 1. The location and predicted RNA secondary structure of each of the 1 
putative packaging signals. Sequence co-ordinates of each region are shown in 2 
reference to the FMDV O1K genome and secondary structures are shown as predicted 3 
by mfold.  4 
 5 
PPS Sequence co-ordinates Secondary structure 
1 450-550         10         20        
AC-----    .-AAG| UG    CCA  
       GUAA     GG  GUAA   C 
       CAUU     CC  CAUU   A 
UCGCUUC    \ ---^ GU    CGA  
.        70       30         
2 1700-1870         10         20        30         
.-CCAA|    AAC  A    CAAA  G-       AA  
      GGUUC   GC AGCU    GG  GCUGGAC  U 
      CCAAG   CG UCGG    CC  CGACCUG  C 
\ ----^    A--  C    ----  AG       AC  
        60              50        40    
 
         70        80        90    
  .-AAUCUGGCA      G A    AAUAAAC  
             AUACUG C GCAU       A 
             UAUGAC G CGUA       A 
  \ ---------      - A    CAUCAUC  
              110        100       
 
          120       130        140 
    .-CAAAA      G  CACACA  -   G  
           CUCCAU GA      GC UUG U 
           GAGGUG CU      CG AAC G 
    \ -----      A  AA----  C   A  
                  150              
 
    160      
      G   U  
       CUC A 
       GAG A 
      -   C  
     170     
3 2750-2820         10         20        30       
GUUUUACCAA  -|      U   G U     AUGC  
          CC UCCUUGA GUG C GAGGC    \ 
          GG GGGAGCU CGC G CUUUG    C 
AUGC------  U^      U   - U     CAGC  
          60        50         40     
4 3310-3370         10         20        30 
UCAGC|    C   CACCA-       UGA  
     GGAUC UGU      CCACCGU   A 
     CCUAG ACA      GGUGGCA   A 
GGAGA^    -   CAAAGC       UCA  
.         50        40          
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5 3660-3840           10        20  
.-CC| G   UGGCA     GU  
    GC UGU     ACCGU  \ 
    UG ACG     UGGCA  A 
\ --^ G   UGAG-     AC  
           30           
 
  40        50        60        70        80 
  ACCUA  UC     ACUA     CCAUCA       C   G  
       CC  CUUCA    CGGUG      AAGCGAC CGG U 
       GG  GAAGU    GCCAU      UUCGUUG GCC C 
  C----  GA     AG--     ------       A   A  
110           100                90     
6 4380-4430         10        20         
CAAAGUUGC|     UU     C   C  
         CUCGAG  UCUUC GGU C 
         GAGUUC  AGAAG CCA A 
GAGA-----^     C-     C   C  
.             40         30  
7 5000-5150         10                  20     
UGGCAUCACUC  G   ----------|    U  
           GA GAC          AAAGG A 
           CU CUG          UUUCC A 
CUA--------  A   AAACGACAAC^    A  
.                40        30      
8 6870-6950                10      
       -----|    AAAC  
--CAUCU     UCUCC    \ 
  GUAGA     AGAGG    A 
\      AACAC^    GAAC  
     30        20      
 
      40        50          
  UCUG  GA  A  AA    U  UC  
      AG  GG CA  GCGC GU  C 
      UC  UC GU  CGCG CG  G 
  GCA-  AG  -  --    U  CC  
 80          70          60 
9 7470-7550 .-CA|  U  
    UCA G 
    AGU U 
\ --^  U  
     10   
 
        20        30          40          
  GGAG     U    C     --    CU     C  AA  
      GUGUU CGCA GGAGU  UCGG  UCCAC CG  \ 
      CACAA GUGU UCUCA  AGUC  AGGUG GU  U 
  GG--     -    -     GA    CU     A  CG  
      80          70        60        50  
10 8120-8810           10         
.-C|       G  A  AC  
   CCUCAGAG CC CG  \ 
   GGAGUCUC GG GC  A 
\ -^       -  -  CG  
    30          20   
 
          40 
  CG--    A  
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      UGCG C 
      AUGC A 
  GAGG    C  
 50          
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Table 2: Point mutations made in PPS mutant infectious cDNA plasmid. 1 
 Sequence ;5’-3’Ϳ 
PPS2 WT CC AAG GUU CAA CGC AAG CUU AAA GGG GCU GGG CAA UCC AGU CCA GCG ACC GGC UCG CAG AAC CAA U 
PPS2 Mut CC AAG GCC CAG CGG AAG CUG AAG GGC GCA GGG CAG UCA UCA CCA GCA ACA GGU UCA CAG AAC CAA U 
PPS3 WT AG GCA UGC CCG ACG UUU CUG CGC UUC GAG GGU GGC GUA CCG UAC GUG ACC ACG AAA ACG GAC UCU C 
PPS3 Mut AG GCA UGC CCG ACG UUU CUG CGC UUC GAG GGG GGA GUU CCU UAU GUG ACC ACG AAA ACG GAC UCU C 
PPS4 WT GAG UCA GCG GAU CCU GUC ACC ACC ACC GUU GAA AAC UAC GGU GGC GAA ACA CAG AUC CAG AGG CGC  
PPS4 Mut GAG UCA GCG GAU CCU GUC ACA ACA ACA GUU GAG AAU UAU GGG GGC GAA ACA CAG AUC CAG AGG CGC  
 2 
Bold type indicates nucleotides where mutations were introduced in the mutant (Mut) relative to wild type (WT).  3 
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